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Sorghum is a C4 grass grown for grain, forage, sugar, and most recently biomass, though there 
has been very little genetic improvement for biomass yield. Most biomass sorghums are very late 
flowering to maximize vegetative growth. In order to understand the genetic control of flowering 
time and biomass yield in sorghum, we used a diverse panel of more than 400 exotic sorghum 
inbreds to perform association mapping for flowering time, biomass yield, and yield component 
traits. We also examined correlations between traits, correlations between inbred and hybrid 
performance, and the relationship between traits of interest and genetic diversity. Significant 
marker-trait associations were detected for maturity, plant height, and lodging. Forty percent of 
the variance in biomass yield is explained by plant height and lodging, inbred yield explained 
82% of the variance in hybrid yield, and inbreds from all genetic subpopulations were 
represented in the top 5% of yield entries over two years. To better understand the reported 
epistatic interaction between two major flowering time loci, Ma5 and Ma6, we also performed 
linkage mapping in two biparental populations (Tx623 x Tx2909 and Tx623 x Tx2910) thought 
to be segregating for functional variation at both Ma5 and Ma6. Linkage mapping results suggest 
that the architecture of the photoperiod-sensitivity response differs between these two 
populations. Overall, our results suggest there is abundant genetic variation to quickly improve 
sorghum biomass yields by incorporating novel alleles from exotic sorghum. !!!!!!!! !!
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Finding a sustainable and affordable renewable fuel to supplement petroleum fuels has been 
discussed for decades. Corn ethanol and soy biodiesel have worked their way into the 
mainstream fuel market in the United States, but production costs are high and the industry is 
subsidized to keep biofuels competitive with traditional petroleum fuels. Also, there is concern 
that using food crops grown on prime acres for bioenergy production will drive up food costs.  
Both of these factors have prompted the search for alternative sources of bioenergy based on 
dedicated biomass crops. In 2011, Congress enacted the US Renewable Fuels Standard (RFS), 
which mandates that by 2022, 36 billion gallons of fuel must be biofuels, and 21 billion gallons 
must be in the form of advanced biofuels. Advanced or second-generation biofuels are defined 
by the EPA as a renewable fuel other than ethanol produced from corn starch, that is derived 
from renewable biomass. This includes cellulosic biofuels and well as biomass-based diesel. In 
December 2012, it was determined that GDAHE79!F7@B:C:<G!@G!@>!@=J@>I<=!8:DC7<B!:C!;E<!G;@AIE!:G!7G<=!CDA!<;E@>DB!@>=!;E<!G;DJ<A!:G!H@G:C:<=!DA!ID987G;<=!_WWWV<?@VHDJ`V!
 
Sorghum is a crop traditionally grown in drier regions of the United States because of its ability 
to produce yields under drought and heat stress (J. R. Quinby, 1974). It is grown for grain, forage, 
sugar, and most recently for biomass. However, there has been very little genetic improvement 
for biomass production. Many farmers already produce sorghum and many others are familiar 
with the agronomic practices and equipment required to cultivate it, since these are very similar 
to the practices and equipment required for corn. This makes sorghum an attractive, practical 
option as an easy-to-adopt biomass crop.  
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Sorghum is a short-day plant that originated in tropical areas of Africa (J. R. Quinby, 1974). 
Most exotic accessions of sorghum are photoperiod-sensitive, meaning they flower very late or 
not at all at temperate latitudes. Photoperiod-sensitivity maximizes total biomass production by 
using the entire growing season for vegetative growth. The National Center for Genetic 
Resources Preservation (NCGRP) maintains over 40,000 accessions of sorghum. Most of these 
accessions (>75%) are photoperiod-sensitive and not suitable for grain or sugar production, but 
they represent a vast untapped resource for the genetic improvement of biomass sorghum. In sum, 
efforts to improve biomass sorghum are just beginning, and there is tremendous genetic diversity 
available. Together, these facts suggest that very rapid genetic improvement of biomass sorghum 
is feasible. 
 
Sorghum can be classified into five races --caudatum, kafir, durra, guinea, and bicolor-- based on 
phenotypic characteristics and area of origin. Phenotypic classification relies chiefly on the 
appearance of the spikelet and panicle (Harlan and de Wet, 1972). Caudatums originated in 
eastern Africa and are commonly used for grain sorghum breeding. Kafirs were collected from 
southern Africa and have also been used in grain sorghum improvement. Durras originated in 
India and the Horn of Africa, and they are characterized by a compact panicle and are typically 
drought tolerant. Guineas originated in western Africa, perform well in moist climates and 
usually have a loose, open panicle structure. Bicolors are considered to represent the primitive 
progenitor race (Brown et al., 2011). 
 
In photoperiod-sensitive (PS) sorghum, the flowering date remains the same regardless of 
planting date. The initiation of reproductive growth in PS sorghum requires a reduction in day 
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length rather than an accumulation of growing degree days (GDDs; Jones et al., 2013). Similar 
photoperiod-sensitivity responses have been observed in other species of grasses including maize, 
wheat, rice, and barley. Long-day delay of flowering in PS sorghum is only attenuated when the 
day length reaches the critical point of 12 hr 20 min or shorter, when floral initiation begins to 
occur (Smith and Frederiksen, 2000).  
 
The genetic control of photoperiod sensitivity in sorghum was first attributed to a single major 
maturity locus called Ma1 (J. R. Quinby, 1974). In an interspecific cross between S. bicolor 
(photoperiod insensitive; PI) and S. propinquum (PS), Ma1 explained ~85% of the variation in 
flowering time and had an additive effect of over 40 days, meaning that the two homozygotes 
flowered nearly three months apart. An individual with a dominant Ma1 allele will exhibit a 
photoperiod response, while an individual with homozygous for recessive ma1 will flower early 
regardless of daylength. In 2011, Ma1 was cloned and identified as pseudoresponse regulator 
protein 37 (PRR37; Murphy et al., 2011). Natural variation in the rice ortholog of this gene, 
OsPRR37, was subsequently shown to affect flowering time in a diverse panel of Asian and 
European rice accessions (Koo et al., 2013). PRR genes are distantly related to the CONSTANS 
(CO) gene family from Arabidopsis; both gene families contain C-terminal CCT domains and 
are regulated by both light and the circadian clock (Cockram et al., 2012). 
 
Ma3 was the first maturity locus to be cloned in sorghum, and encodes a phytochrome B (phyB; 
Childs et al., 1997). PhyB is a red/ far-red light receptor and is necessary for the plant to regulate 
flowering time through light perception. Sorghum plants with the complete loss-of-function 
ma3R allele of Ma3 are insensitive to photoperiod and flower early regardless of day length and 
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Ma1 allele. The epistatic interaction between Ma1 and Ma3 can be exploited to generate a late-
flowering sorghum hybrid (Ma1/ma1; Ma3/ma3R) from two early flowering inbred parents 
(ma1/ma1; Ma3/Ma3 and Ma1/Ma1;ma3R/ma3R;  Childs et al., 1995; Brown lab unpublished 
data). 
 
Several other maturity loci exist, including Ma2, Ma4, Ma5, and Ma6, but little is known about 
their function. Ma4 is thought to be on chromosome 10 (Mace and Jordan, 2010), and the early, 
recessive allele is known only from the sorghum variety Hegari (Quinby, 1966). Ma2 is 
unmapped and shows a complex interaction with Ma1 (Brown and Paterson, 2013). The 
dominant Ma2 allele causes lateness in a Ma1 background and earliness in a ma1 background. 
Also, overdominant late flowering of Ma1/ma1 heterozygotes is observed in ma2 but not Ma2 
backgrounds (J. R. Quinby, 1974). 
 
Allelic variation at the recently reported Ma5 and Ma6 loci affects photoperiod sensitivity. 
Rooney and Aydin first reported a very late flowering hybrid produced from a cross between two 
early flowering inbreds (Aydin and Rooney, 1999). One of the parental inbreds (EBA-3, a grain 
sorghum line from Argentina) reproducibly produced late flowering hybrids when crossed with 
other inbred lines. This phenomenon was hypothesized to result from a complementary dominant 
interaction between two new loci, Ma5 and Ma6, in which at least one dominant allele of each 
locus was necessary to confer photoperiod-sensitivity. In this case, EBA-3 is ma5ma5/Ma6Ma6 
and most other inbreds are Ma5Ma5/ma6ma6, and both are PI. The resulting hybrids are 
Ma5ma5/Ma6ma6 and are PS. This interaction is conceptually similar to the interaction between 
Ma1 and Ma3, but in practical terms the Ma5-Ma6 interaction appears to be more useful as it 
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produces hybrids that are more strongly PS and later flowering, with higher biomass yields There 
are only two publically available lines that incorporate the ma5/Ma6 allele combination from 
EBA-3: Tx2909 and Tx2910. 
 
The Ma5-Ma6 interaction is widely used by the biomass sorghum seed industry to create PS 
hybrids from two PI parents. The system saves money because it avoids the need to make crosses 
in tropical winter nurseries. Both Tx2909 and Tx2910 are male lines, meaning that they are 
restorers of fertility in A1 cytoplasm. Creating publically available female lines with the desired 
ma5ma5/Ma6Ma6 genotype and traits favorable for biomass production would greatly advance 
the feedstock industry and make production of PS hybrid seed more economical. Recently, an 
additional maturity locus (Ma7) has been reported. Ma7 is thought to play a role in the 
photoperiod sensitivity response by interacting with Ma5 and/or Ma6 (Mullet et al., 2010). 
However, the contribution of Ma7 to the biomass sorghum hybrid seed industry is not clear. 
 
Temperature also affects flowering time in plants. High temperatures promote flowering by 
accelerating the accumulation of GDDs. Conversely, in cool season grasses and many other 
plants, promotion of flowering by low temperatures is known as vernalization (Jones et al., 2013). 
Warm-season grasses like sorghum do not display vernalization, but an interaction between the 
photoperiod sensitivity response and low temperatures has been reported in sorghum. Growth 
chamber experiments suggest that when the minimum night temperature falls below 20°C, early 
flowering replaces the normal photoperiod sensitivity response in sorghum lines carrying a 
dominant Thermosensitive (T) allele (Tarumoto et al., 2003). Further growth chamber 
experiments confirmed that the T locus lengthened the critical day length for flowering induction 
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to13’ from 12’20” in a recessive tt background at any temperature or a T/- background when 
exposed to temperatures below 20C (Tarumoto et al., 2005).  
 
Linkage mapping and association mapping can both be used to identify quantitative trait loci 
(QTL) by genotyping and phenotyping segregating populations (Flint-Garcia et al., 2003). 
Linkage mapping uses populations created from a small number of parents (usually two) that 
differ for the trait of interest. Linkage mapping requires few markers, due to high linkage 
disequilibrium (LD), but has low resolution. Only a small number of parental haplotypes are 
evaluated (two in a biparental cross), but these haplotypes are at high frequency, increasing the 
power to detect phenotypic associations. In contrast, association mapping uses a large number of 
diverse lines with low levels of LD, and requires a large number of markers to conduct a 
genome-wide scan. Major benefits of association mapping include high resolution and the ability 
to evaluate multiple haplotypes, but this is balanced by lower power to detect low-frequency 
QTL. Another major limitation of association mapping is genetic heterogeneity. This occurs 
when a single phenotype can result from multiple different mutations. This can occur either 
through multiple mutations in the same gene, or through mutations in different genes that cause 
the same phenotype. Genetic heterogeneity can cause synthetic associations, in which the 
mutation underlying the phenotype is incorrectly identified as a single large effect QTL. For 
example, the sorghum shattering locus Sh1 harbors three independent loss-of-function alleles, 
and association mapping for shattering at the Sh1 locus identifies a single major synthetic 
association that is more significant than any of the individual loss-of-function mutations (Lin et 
al., 2012). 
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In order to understand the genetic control of biomass yield in sorghum, we: i) study trait 
correlations between biomass yield, maturity, plant height, and other plant architectural traits in a 
diverse panel of more than 400 exotic sorghum inbreds; ii) create and evaluate the performance 
of ~150 exotic sorghum hybrids to assess the contribution of additive and non-additive genetic 
effects;  iii) examine the relationship between our traits of interest and genetic diversity using 
principal component analysis, and iv) perform association mapping for flowering time and 
biomass yield in a diverse panel of exotic sorghum accessions. In an effort to better understand 
the interaction between Ma5 and Ma6, we also use linkage mapping to identify maturity QTL in 
two biparental populations (Tx623 x Tx2909 and Tx623 x Tx2910) thought to be segregating for 
functional variation at both Ma5 and Ma6. !!!
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Chromosome Position P-value Minor Allele Freq # of Obs FDR Adj P-values Trait Year
1 4084607 2.05E-05 0.466 453 0.070 Maturity 2012, 2013
1 48129300 1.52E-05 0.108 372 0.086 Maturity 2013
1 67405870 2.00E-06 0.208 372 0.074 Maturity 2013
2 19892831 3.82E-05 0.103 453 0.084 Maturity 2012, 2013
2 20017588 5.75E-06 0.108 453 0.043 Maturity 2012, 2013
2 60932808 1.18E-05 0.390 453 0.056 Maturity 2012, 2013
2 65208767 6.79E-06 0.143 374 0.062 Lodging 2013
4 58856631 1.36E-05 0.411 453 0.056 Maturity 2012, 2013
5 61286161 3.30E-05 0.105 453 0.084 Maturity 2012, 2013
5 62094784 6.12E-07 0.135 374 0.023 120- day height 2013
6 197807 2.94E-05 0.332 453 0.084 Maturity 2012, 2013
6 198475 7.59E-07 0.343 453 0.028 Maturity 2012, 2013
6 198860 1.29E-05 0.340 453 0.056 Maturity 2012, 2013
6 263833 1.28E-05 0.338 453 0.056 Maturity 2012, 2013
6 340855 1.75E-06 0.106 453 0.031 Maturity 2012, 2013
6 595560 4.18E-06 0.391 619 0.054 Maturity 2011, 2012, 2013
6 619807 3.54E-05 0.485 453 0.084 Maturity 2012, 2013
6 700785 1.14E-08 0.289 619 0.000 Maturity 2011, 2012, 2013
6 782644 2.24E-05 0.192 453 0.070 Maturity 2012, 2013
6 886632 3.32E-06 0.121 453 0.031 Maturity 2012, 2013
6 6484472 2.15E-05 0.204 453 0.070 Maturity 2012, 2013
6 6484472 6.82E-06 0.203 372 0.075 Maturity 2013
6 6857792 4.26E-06 0.192 619 0.054 Maturity 2011, 2012, 2013
6 32221721 3.72E-05 0.429 453 0.084 Maturity 2012, 2013
6 46066888 8.17E-06 0.120 372 0.075 Maturity 2013
6 48778518 1.12E-05 0.175 374 0.068 Lodging 2013
6 54898134 1.64E-05 0.483 372 0.086 Maturity 2013
8 40335883 9.70E-06 0.238 374 0.068 Lodging 2013
8 49431394 6.13E-06 0.140 372 0.075 Maturity 2013
9 9125531 1.08E-05 0.145 372 0.079 Maturity 2013
9 12634006 7.61E-08 0.154 374 0.003 Lodging 2013
9 13433421 2.53E-07 0.130 374 0.005 Lodging 2013
9 47615903 2.52E-06 0.107 453 0.031 Maturity 2012, 2013
9 57516609 4.27E-07 0.317 374 0.005 Lodging 2013
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